
US 20030096330A1 

(12) Patent Application Publication (10) Pub. No.: US 2003/0096330 A1 
(19) United States 

Bassler et al. (43) Pub. Date: May 22, 2003 

(54) COMPOSITIONS AND METHODS FOR 
REGULATING BACTERIAL PATHOGENESIS 

(76) Inventors: Bonnie L. Bassler, Princeton, NJ (US); 
Michael G. Surette, Calgary (CA) 

Correspondence Address: 
KNOBBE MARTENS OLSON & BEAR LLP 
2040 MAIN STREET 
FOURTEENTH FLOOR 
IRVINE, CA 92614 (US) 

(21) Appl. No.: 09/961,507 

(22) Filed: Sep. 21, 2001 

Related US. Application Data 

(62) Division of application No. 09/453,976, ?led on Dec. 
2, 1999. 

(60) Provisional application No. 60/110,570, ?led on Dec. 
2, 1998. 

Publication Classi?cation 

(51) Int. Cl? ................... ..G01N 33/554; G01N 33/569; 
C12N 1/21 

(52) Us. 01. ...................................... ..435/7.32; 435/2523 

(57) ABSTRACT 

The production of a puri?ed extracellular bacterial signal 
called autoinducer-2 is regulated by changes in environmen 
tal conditions associated With a shift from a free-living 
existence to a colonizing or pathogenic existence in a host 
organisrn. Autoinducer-2 stirnulates LuxQ luminescence 
genes, and is believed also to stimulate a variety of patho 
genesis related genes in the bacterial species that produce it. 
AneW class of bacterial genes is involved in the biosynthesis 
of autoinducer-2. 
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COMPOSITIONS AND METHODS FOR 
REGULATING BACTERIAL PATHOGENESIS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a divisional of US. application 
Ser. No. 09/453,976, ?led Dec. 2, 1999, Which claims 
priority from US. Provisional Application Serial No. 
60/110,570, ?led Dec. 2, 1998, both of Which are incorpo 
rated herein by reference in their entireties. 

STATEMENT AS TO FEDERALLY-SPONSORED 
RESEARCH 

[0002] Pursuant to 35 U.S.C. §202(c), it is acknowledged 
that the US. Government has certain rights in the invention 
described herein, Which Was made in part With funds from 
the National Science Foundation, Grant No. MCB-9506033. 

FIELD OF THE INVENTION 

[0003] This invention relates to the ?eld of bacterial 
diseases of humans and other mammals. In particular, the 
invention provides novel genes and signaling factors 
involved in inducing pathogenesis in certain bacteria, and 
methods for controlling such pathogenesis through manipu 
lation of those factors and genes. 

BACKGROUND OF THE INVENTION 

[0004] Several publications are referenced in this applica 
tion to more fully describe the state of the art to Which this 
invention pertains. The disclosure of each such publication 
is incorporated by reference herein. 

[0005] The control of gene expression in response to cell 
density, or quorum sensing, Was ?rst described in the marine 
luminous bacteria Vibrio ?scheri and Vibrio harveyi. This 
phenomenon has recently become recogniZed as a general 
mechanism for gene regulation in many Gram negative 
bacteria. Quorum sensing bacteria synthesiZe, release, and 
respond to speci?c acyl-homoserine lactone signaling mol 
ecules called autoinducers to control gene expression as a 
function of cell density. In all acyl-homoserine lactone 
quorum sensing systems described to date, except that of V 
harveyi, the autoinducer synthase is encoded by a gene 
homologous to luxI of V ?scheri, and response to the 
autoinducer is mediated by a transcriptional activator protein 
encoded by a gene homologous to luxR of V ?scheri 
(Bassler and Silverman, in TWo component Signal Trans 
duction, Hoch et al., eds, Am. Soc. Microbiol. Washington 
DC, pp 431-435, 1995). In contrast, V harveyi has tWo 
independent density sensing systems (called Signaling Sys 
tems 1 and 2), and each is composed of a sensor-autoinducer 
pair. V harveyi Signaling System 1 is composed of Sensor 
1 and autoinducer 1 (AI-1), and this autoinducer is N-(3 
hydroxybutanoyl)-L-homoserine lactone (see Bassler et al, 
Mol. Microbiol. 9: 773-786, 1993). V harveyi Signaling 
System 2 is composed of Sensor 2 and autoinducer 2 (AI-2) 
(Bassler et al., Mol. Microbiol. 13: 273-286, 1994). The 
structure of AI-2 heretofore has not been determined, nor 
have the gene(s) involved in biosynthesis of AI-2 been 
identi?ed. Signaling System 1 is a highly speci?c system 
proposed to be used for intra-species communication and 
Signaling System 2 appears to be less species-selective, and 
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is hypothesiZed to be for inter-species communication 
(Bassler et al., J. Bacteriol. 179: 4043-4045, 1997). 

[0006] Reporter strains of V harveyi have been con 
structed that are capable of producing light exclusively in 
response to AI-1 or to AI-2 (Bassler et al., 1993, supra; 
Bassler et al., 1994, supra). V harveyi reporter strains have 
been used to demonstrate that a feW species of bacteria 
produce stimulatory substances that mimic the action of 
AI-2 (Bassler et al., 1997, supra). 

[0007] Quorum sensing in V harveyi, mediated by Sig 
naling Systems 1 and 2, triggers the organisms to biolumi 
nesce at a certain cell density. These same signaling systems, 
particularly Signaling System 2, are believed to trigger other 
physiological changes in V harveyi and other bacteria pos 
sessing the same signaling system. Thus, it Would be an 
advance in the art to identify and characteriZe the signaling 
factor autoinducer-2 and the genes encoding the proteins 
required for its production. Such an advance Would provide 
a means to identify a novel class of compounds useful for 
controlling mammalian enteric or pathogenic bacteria. 

SUMMARY OF THE INVENTION 

[0008] In accordance With the present invention, it has 
noW been discovered that a variety of bacterial species, some 
of them mammalian pathogens, secrete an organic signaling 
molecule that stimulates the expression of luminescence in 
the V harveyi Signaling System 2 bioassay. The molecule 
secreted by these organisms mimics V harveyi AI-2 in its 
physical and functional features. The production in bacteria 
of this novel signaling molecule is regulated by changes in 
environmental conditions associated With a shift from a 
free-living existence to a coloniZing or pathogenic existence 
in a host organism. Thus, in addition to stimulating lumi 
nescence genes (speci?cally luxCDABE) in V harveyi, the 
signaling molecule is expected to stimulate a variety of 
pathogenesis related genes in the bacterial species that 
produce it. A highly puri?ed form of the signaling molecule 
is provided in the present invention. Also provided is a neW 
class of bacterial genes involved in the biosynthesis of the 
signaling molecule. 

[0009] According to one aspect, the present invention 
provides an isolated bacterial extracellular signaling factor 
comprising at least one molecule that is polar and 
uncharged, and having an approximate molecular Weight of 
less than 1,000 kDa, Wherein said factor interacts With LuxQ 
protein thereby inducing expression of a Vibrio harveyi 
operon comprising luminescence genes luxCDABE. In a 
preferred embodiment, the factor possesses a speci?c activ 
ity Wherein about 0.1 to 1.0 mg of a preparation of the factor 
stimulates about a 1,000-fold increase in luminescense, as 
measured in a bioassay using a V harveyi Sensor 2+ reporter 
strain. In a particularly preferred embodiment, the factor is 
puri?ed in such a Way that it possesses a speci?c activity 
Wherein about 1 to 10 pg of a preparation of the factor 
stimulates about a 1,000-fold increase in luminescence, as 
measured in a bioassay using a V harveyi Sensor 2+ reporter 
strain. 

[0010] The signaling factor of the invention is produced 
by a variety of bacteria, including but not limited to: Vibrio 
harveyi, Vibrio cholerae, Vibrio parahaemolyticus, Vibrio 
alginolyticus, Pseudomonas phosphoreum, Yersinia entero 
colitica, Escherichia coli, Salmonella typhimurium, Haemo 
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philus in?uenzae, Helicobacter pylori, Bacillus subtilis, 
Borrelia burgfa'orferi, Neisseria meningitidis, Neisseria 
gonorrhoeae, Yersinia pestis, Campylobacter jejuni, Deino 
coccus radioa'urans, Mycobacterium tuberculosis, Entero 
coccus faecalis, Streptococcus pneumoniae, Streptococcus 
pyogenes and Staphylococcus aureus. 

[0011] In another aspect, the invention provides an iso 
lated bacterial signaling factor having the formula: 

[0012] In another aspect, the invention provides a method 
for identifying a compound that regulates the activity of a 
signaling factor by contacting the signaling factor With the 
compound, measuring the activity of the signaling factor in 
the presence of the compound and comparing the activity of 
the signaling factor obtained in the presence of the com 
pound to the activity of the signaling factor obtained in the 
absence of the compound and identifying a compound that 
regulates the activity of the signaling factor. 

[0013] In yet another aspect, the invention provides a 
method for detecting an autoinducer molecule in a sample 
by contacting the sample With a bacterial cell, or extract 
thereof, comprising biosynthetic pathways that produce a 
detectable amount of light in response to an exogenous 
autoinducer, the bacterial cell having at least tWo distinct 
alterations in gene loci that participate in autoinducer path 
Ways, Wherein a ?rst alteration in a gene locus comprises an 
alteration that inhibits detection of a ?rst autoinducer and 
Wherein a second alteration in a gene locus comprises an 
alteration that inhibits production of a second autoinducer 
and measuring light produced by the bacterial cell, or extract 
thereof. 

[0014] In another aspect, the invention provides a bacterial 
cell having at least tWo distinct alterations in gene loci that 
participate in autoinducer pathWays, Wherein a ?rst alter 
ation in a gene locus comprises an alteration that inhibits 
detection of a ?rst autoinducer and Wherein a second alter 
ation in a gene locus comprises an alteration that inhibits 
production of a second autoinducer and Wherein the cell is 
bioluminescent When contacted With an autoinducer. 

[0015] In another aspect, the invention provides a method 
for identifying an autoinducer analog that regulates the 
activity of an autoinducer by contacting a bacterial cell, or 
extract thereof, comprising biosynthetic pathWays Which 
Will produce a detectable amount of light in response to an 
autoinducer With an autoinducer analog and comparing the 
amount of light produced by the bacterial cell, or extract 
thereof, in the presence of an autoinducer With the amount 
produced in the presence of the autoinducer analog, Wherein 
a change in the production of light is indicative of an 
autoinducer analog that regulates the activity of an autoin 
ducer. 

[0016] In another aspect, the invention provides a method 
for producing autoinducer-2 by contacting S-adenosylhomo 
cysteine (SAH) With a LuxS protein under conditions and 
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for such time as to promote the conversion of S-adenosyl 
homo-cysteine to autoinducer-2. 

[0017] In another aspect, the invention provides a method 
for producing autoinducer-2 by contacting S-ribosylhomo 
cysteine (SRH) With a LuxS protein under conditions and for 
such time as to promote the conversion of S-ribosylho 
mocysteine to autoinducer-2. 

[0018] In another aspect, the invention provides Amethod 
for producing autoinducer-2 by contacting S-adenosylhomo 
cysteine (SAH) With a 5‘-methylthioadenosine/S-adenosyl 
homo-cysteine nucleosidase protein under conditions and 
for such time as to promote the conversion of S-adenosyl 
homocysteine to S-ribosylhomocysteine; contacting the 
above-described S-ribosylhomocysteine With a LuxS protein 
under conditions and for such time as to promote the 
conversion of S-ribosylhomocysteine to autoinducer-2. 

[0019] In another aspect, the invention provides a method 
for detecting an autoinducer-associated bacterial biomarker 
by contacting at least one bacterial cell With an autoinducer 
molecule under conditions and for such time as to promote 
induction of a bacterial biomarker and detecting the bacterial 
biomarker. 

[0020] In another aspect, the invention provides a method 
for detecting a target compound that binds to a LuxP protein 
by contacting the LuxP protein With the target compound 
and detecting binding of the compound to LuxP. 

[0021] In another aspect, the invention provides a method 
for regulating bacterial bio?lm formation comprising con 
tacting a bacterium capable of bio?lm formation With a 
compound capable of regulating bio?lm formation, Wherein 
the compound regulates autoinducer-2 activity. 

[0022] According to another aspect of the invention, a 
method is provided for purifying the aforementioned bac 
terial extracellular signaling factor. The method comprises 
the steps of: (a) groWing, in a culture medium, bacterial cells 
that produce the signaling molecule; (b) separating the 
bacterial cells from the culture medium; (c) incubating the 
bacterial cells in a solution having high osmolarity, under 
conditions that permit production and secretion of the sig 
naling molecule from the bacterial cells; (d) separating the 
bacterial cells from the high osmolarity solution; and (e) 
purifying the factor from the high osmolarity solution. The 
method may further comprise: separating polar factors 
from non-polar factors in an evaporated sample of the high 
osmolarity solution; and (g) subjecting the polar factors to 
reverse-phase High Performance Liquid Chromatography. 
In a preferred embodiment, the high osmolarity solution 
comprises at least 0.4 M monovalent salt, most preferably 
0.4-0.5 M NaCl. 

[0023] In another preferred embodiment, the method fur 
ther comprises groWing the bacterial cells in a culture 
medium containing a carbohydrate selected from the group 
consisting of glucose, fructose, mannose, glucitol, glu 
cosamine, galactose and arabinose. 

[0024] According to another aspect of the invention, an 
isolated nucleic acid molecule is provided, Which encodes a 
protein necessary for biosynthesis of a bacterial extracellular 
signaling factor that induces expression of a Vibrio harveyi 
LuxQ luminescence gene. The nucleic acid molecule may be 
isolated from a Wide variety of bacteria, including but not 
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limited to: Vibrio harveyi, Vibrio cholera, Salmonella typh 
imurium, Escherichia coli, Haemophilus in?uenzae, Heli 
cobacter pylori, Bacillus subtilis and Borrelia burdorferi. 

[0025] The aforementioned nucleic acid molecule encodes 
a protein having betWeen about 150 and 200 amino acid 
residues. Preferably, the encoded protein comprises an 
amino acid sequence substantially the same as a sequence 
selected from the group consisting of any of SEQ ID 
NOS:10-17, or a consensus sequence derived from a com 

parison of tWo or more of SEQ ID NOS: 10-17. The nucleic 
acid molecule preferably has a sequence substantially the 
same as a sequence selected from the group consisting of 
any of SEQ ID NOS:1-9, or a consensus sequence derived 
from a comparison of tWo or more of SEQ ID NOS: 1-9. 

[0026] Recombinant DNA molecules comprising the 
aforementioned nucleic acid molecules are also provided in 
accordance With the present invention, as Well as proteins 
produced by expression of any of the nucleic acid molecules. 

[0027] Additional features and advantages of the present 
invention Will be better understood by reference to the 
draWings, detailed description and examples that folloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0028] FIG. 1. Signaling substance from E. coli AB1157 
and S. typhimurium LT2 cell-free culture ?uids that induces 
luminescence in V harveyi. The responses of V harveyi 
reporter strains BB170 (Sensor 1‘, Sensor 2") (FIG. 1A), 
and BB886 (Sensor 1", Sensor 2') (FIG. 1B) to signaling 
substances present in cell-free culture ?uids from E. coli, S. 
typhimurium and V harveyi strains are shoWn. A bright 
culture of each reporter strain Was diluted 1:5000 into fresh 
medium, and the light production per cell Was then measured 
during the groWth of the diluted culture. Cell-free culture 
?uids or sterile groWth medium Were added at a ?nal 
concentration of 10% (v/v) at the start of the experiment. 
The data for the 5 hour time point are shoWn and are 
presented as the percent of the activity obtained When V 
harveyi cell-free spent culture ?uids are added. Abbrevia 
tions used for the different strains are: V.h; Wbrio harveyi, 
S.t; Salmonella typhimurium, and E. c; Escherichia coli. 

[0029] FIG. 2. Active secretion of the signaling molecule 
by viable E. coli and S. typhimurium. The response of the V 
harveyi reporter strain BB170 (Sensor 1‘, Sensor 2") to a 
signaling substance produced and secreted by E. coli 
AB1157 and S. typhimurium LT2 but not E. coli DH5 is 
shoWn. V harveyi reporter strain BB 170 Was diluted 1:5000 
in AB medium and light output per cell Was monitored 
during groWth. At the start of the experiment, either 1><106 
E. coli AB1157, S. typhimurium LT2 or E. coli DH5 Washed 
and resuspended viable cells (left-hand, White bars) or 
UV-killed cells (right-hand, black bars) Was added. The data 
are presented as the fold-activation above the endogenous 
level of luminescence expressed by V harveyi BB170 at the 
5 hour time point. Abbreviations used for the different 
strains are: S.t; Salmonella typhimurium, and E.c; Escheri 
chia coli. 

[0030] FIG. 3. Effect of glucose depletion on the produc 
tion and degradation of the signaling activity by S. typh 
imurium LT2. S. typhimurium LT2 Was groWn in LB medium 
containing either 0.1% glucose (FIG. 3A) or 0.5% glucose 
(FIG. 3B). At the speci?ed times cell-free culture ?uids 
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Were prepared and assayed for signaling activity in the 
luminescence stimulation assay (Bars), and the concentra 
tion of glucose remaining (circles). The cell number Was 
determined at each time by diluting and plating the S. 
typhimurium LT2 on LB medium and counting colonies the 
next day (squares). The signaling activity is presented as the 
percent of the activity obtained When V harveyi cell-free 
spent culture ?uids are added. These data correspond to the 
5 h time point in the luminescence stimulation assay. The 
glucose concentration is shoWn as % glucose remaining. 
Cell number is cells/ml><10_9. The symbol \\ indicates that 
the time axis is not draWn to scale after 8 h. 

[0031] FIG. 4. Response curve of V harveyi to AI-2 
produced by V harveyi and S. typhimurium. The V harveyi 
reporter strain BB170 (Sensor 1', Sensor 2") Was tested for 
its response to the addition of exogenous AI-2 made by V 
harveyi strain BB152 (AI-1', ALT) and to that made by S. 
typhimurium LT2. Abright culture of the reporter strain Was 
diluted 1:5000 and either 10% (v/v) groWth medium (closed 
circles), cell-free culture ?uid from V harveyi BB152 groWn 
overnight inAB (open circles), or cell-free culture ?uid from 
S. typhimurium LT2 groWn for 6 h on LB+0.5% glucose 
(closed squares) Was added at the start of the experiment. 
RLU denotes relative light units and is de?ned as (counts 
min-1><103)/(colony-forming units ml_1). 

[0032] FIG. 5. Conditions affecting autoinducer produc 
tion in S. typhimurium. S. typhimurium LT2 Was subjected to 
a variety of treatments after Which cell-free culture ?uids or 
osmotic shock ?uids Were prepared. These preparations 
Were added to a diluted culture of the V harveyi AI-2 
reporter strain BB170 at 10% (v/v) and light output Was 
measured thereafter. Fold activation is the level of light 
produced by the reporter folloWing addition of the speci?ed 
S. typhimurium preparation divided by the light output of the 
reporter When groWth medium alone Was added. The bars in 
FIG. 5A represent cell-free ?uids prepared from S. typh 
imurium after the folloWing treatments: LB 6 h; 6 h groWth 
in LB at 30° C., LB+Glc 6h; 6 h groWth in LB+0.5% glucose 
at 30° C., LB+Glc 24 h; 24 h groWth in LB+0.5% glucose 
at 30° C. In all the experiments presented in FIG. 5B, the S. 
typhimurium Were pre-groWn at 30° C. for 6 h in LB 
containing 0.5% glucose, then pelleted and resuspended for 
2 h under the folloWing conditions: LB; in LB at 30° C., 
LB+Glc; in LB+0.5% glucose at 30° C., LB pH 5; in LB at 
pH 5.0 at 30° C., 0.4 M NaCl; in 0.4 M NaCl at 30° C., 0.1 
M NaCl; in 0.1 M NaCl at 30° C., and Heat Shock 43°; in 
LB+0.5% glucose at 43° C. After these tWo hour treatments, 
cell-free ?uids Were prepared from each sample and assayed. 

[0033] FIG. 6. S. typhimurium signaling activity in lim 
iting and non-limiting concentrations of glucose. S. typh 
imurium LT2 Was groWn in LB in the presence of limiting 
(0.1%) and non-limiting (1.0%) concentrations of glucose. 
The activity present in the cell-free culture ?uids (black 
bars) Was assayed at the times indicated and normaliZed to 
that produced by 1><109 cells. The increase in signaling 
activity measured in the 0.4 M NaCl osmotic shock ?uids 
prepared from the same cells is shoWn as the White bars on 
top of the black bars. These data are also normaliZed for 
1><10 cells. The signaling activity for limiting glucose is 
shoWn in FIGS. 6A, 6C, and 6E, and that for non-limiting 
glucose is shoWn in FIGS. 6B, 6D, and 6F. FIGS. 6A and 
6B also shoW the percent glucose remaining (triangles), 












































































